Abstract-The Vista Alegre structure, centered at 25°57¢S and 52°41¢W, has been recently proposed as a meteorite impact structure. The 9.5 km-diameter structure is located in the Parana´state of southern Brazil, within the Parana´Basin, which contains one of the largest and most extensive flood basalt provinces on Earth. The Parana´flood basalts belong to the Serra Geral Formation and are temporally related to the opening of the South Atlantic Ocean, having been dated at about 133-132 Ma. Tholeiitic basalts dominate the western portion of Parana´state, with some minor rhyodacites. Morphologically, Vista Alegre has a prominent circular outline, in the form of an incomplete ring of escarpments, and an inner depression. The presence of a central uplift is not obvious, but it is inferred by the occurrence of deformed sandstone blocks near the center of the structure. These sandstones are possibly related to the Triassic Pirambo´ia Formation and ⁄ or to the Cretaceous Botucatu Formation. These units are normally at stratigraphic depths of about 700-800 m below the present surface in this portion of the Parana´Basin. The structure appears to be in an advanced erosion stage and its interior is occupied by a soil cover several meters thick, extensively used for agriculture. As a result there are limited outcrops in the interior of the structure, all of polymict breccias, some of them melt-bearing. We report the extensive occurrence of shatter cones, in the form of fine-grained rock clasts within the polymict breccias. The shatter cone-bearing breccias occur at different locations within the structure, separated by several kilometers. The nested shatter cones range in size from about 0.5 to 20 cm for individual cones, and up to half a meter for complete assemblages. The shatter cones formed in fine-grained Parana flood basalt and might be the first examples of shatter cones in such a rock type. In addition, planar deformation features (PDFs) were found in quartz grains within sedimentary rock clasts of the polymict breccia. These findings confirm the impact origin of the Vista Alegre structure.
INTRODUCTION
The Vista Alegre structure was first reported in abstract form by Cro´sta et al. (2004) , who interpreted the anomalous circular feature observed from satellite images as a potential impact structure. Until then, this structure was not listed amongst the potential or proven impact structures known in Brazil (Cro´sta 1987; Romano and Cro´sta 2004) . The interpretation of the impact origin of Vista Alegre was based on the discovery of polymict breccia in the interior of the structure, bearing tiny fragments of shatter cones and possible microscopic evidence of shock metamorphism (PDF) in quartz .
The circular structure is located in the western portion of the Parana´state in southern Brazil (Fig. 1) . Its center is located at 25°57¢S and 52°41¢W and the present diameter is approximately 9.5 km (Fig. 2) , measured between the escarpments which mark the border of the structure. It was named Vista Alegre (Portuguese for ''Pleasant Sight'') by Cro´sta et al. (2004) , after the rural village situated within the structure, a few kilometers from its geographic center (Fig. 3) . The village is located within Coronel Vivida county, and can be reached by a paved road linking the towns of Coronel Vivida (at a distance of 15 km) and Itapejara D'Oeste that cuts the structure in the SE-NW direction, giving easy access to its interior.
The structure was formed in Cretaceous volcanic rocks of basaltic composition of the Serra Geral Formation, within the Parana´Basin. This is the same stratigraphic unit in which two other similar structures in Brazil, which are possible but not yet confirmed impact craters, were formed: Vargea˜o (Cro´sta et al. 2006) and Cerro do Jarau (Cro´sta et al. 2009a ). Vargea˜o has a diameter of 12.4 km and it is centered at 26°49¢S and 52°10¢W, in Santa Catarina state, nearly 100 km to the south ⁄ southwest of Vista Alegre. Cerro do Jarau circular has a diameter of 13.5 km and is centered at 56°32¢W and 30°12¢S, in the western portion of Rio Grande do Sul State, close to the border with Uruguay. There is yet another impact structure in the Parana´Basin, the Araguainha Dome (e.g., Lana et al. 2008) , located in its northern portion and much older (245 Ma) than the three basaltic structures (Fig. 1) .
Although common on other terrestrial planets and their moons, impact craters formed in basalt are rare on Earth. There are only a few examples known to date, including Lonar in India (e.g., Fredriksson et al. 1973; Fudali et al. 1980; Osae et al. 2005 ), a young wellpreserved simple crater of small diameter (1.9 km) formed in the Deccan trap basalts. This crater is one of two known terrestrial impact craters excavated in basaltic target rocks; the other is the Logancha crater in Russia, which may be in Siberian trap basalts (Reichow et al. 2002) , but is not well studied (Feldman et al. 1983; Masaitis 1999) . At this very deeply eroded crater only sediments of Permian age are exposed (B. Ivanov, pers. comm., 2006) . The Lonar crater provides important ground truth information for studying impact effects in basaltic targets, and is an analog for impact craters on terrestrial planets with basaltic crusts, such as Mars (see, e.g., Hagerty and Newsom 2003; Maloof et al. 2010 , and references therein). The Vista Alegre structure, together with the other two basaltic structures in southern Brazil, may provide such an analog, which is greatly facilitated by the easy access to relatively good exposures of a variety of shocked lithotypes in all three structures.
The three structures in the Parana´Basin in Brazil (assuming that all are of impact origin) represent a significant proportion of the impact record in flood basalt on Earth. The discovery of new impact structures may provide examples of crater formation mechanisms and shock metamorphism in different types of target rocks, including basalts. Such discoveries may yield important new insights into the effects of target properties on impact processes. Indeed, studies carried out at shocked basalt from Lonar crater revealed unusual deformation features, rarely seen at other impact craters, such as the presence of PDFs in plagioclase and pyroxene (e.g., Kieffer et al. 1976; Fudali et al. 1980 ; see also White 1993; Gurov et al. 2005; Sazonova et al. 2007) . This paper presents the first detailed documentation of the morphological aspects and the regional and local geology of the Vista Alegre structure, reports of some shock metamorphic features found in the polymict breccias (shatter cones and microscopic features), as well as a brief discussion of the origin of the shatter cones in terms of geochemical provenance studies.
REGIONAL GEOLOGY
The Vista Alegre structure is located in the central portion of the Parana´Basin (Fig. 2) . This basin contains undeformed sedimentary-volcanic sequences deposited between the Silurian and Cretaceous (443.7-65.5 Ma), and covers a total area of about 1,500.000 km 2 in central-southern Brazil, as well as in Uruguay, Paraguay, and Argentina. The Parana´Basin formed on the South American Plate and involved large amounts of marine sediments deposited within the Panthalassa Ocean during the breakup of Pangaea (Milani 2000 (Milani , 2004 .
The Serra Geral Formation constitutes one of the largest and most extensive flood basalt provinces on Earth (e.g., Peate 1997) , temporally related to the rifting of the Gondwana and the opening of the South Atlantic Ocean (Renne et al. 1992) . The breakup of Gondwana during the Jurassic-Cretaceous transition resulted in extensive continental volcanism. In the central-southern portion of South America this event produced the flood basaltic volcanism of the Serra Geral Formation in the Parana´Basin, whereas in southwestern Africa it is part of the Etendeka Basin in Namibia and Angola. The maximum thickness of the flood basalts in the ParanaB asin reaches 1700 m (Milani et al. 2007) . Tholeiitic basalts dominate the western portion of Parana´state, with some minor rhyodacitic lava flows (e.g., Peate et al. 1992; Peate and Hawkesworth 1996) . All of these rocks are differentiated magmas. The volcanic rocks of the Parana´Basin can be subdivided into three main portions. In the southern region, the lower parts of the volcanic rocks mainly comprise slightly porphyritic acid flows with some basic and ⁄ or intermediate intercalations. Andesitic rocks tend to be concentrated between the lower (basic) and upper (acid) portions of the suite. The northern area has mostly basic lavas, and the central region is characterized by similar rock types as in the northern and southern parts, but without intermediate rock types. The tholeiitic basalts of the southern Parana´Basin are characterized by low (<2 wt%) TiO 2 contents, whereas those in the northern zones have higher titanium abundances.
The Serra Geral Formation is the upper stratigraphic unit of the Sa˜o Bento Group, which also includes the Pirambo´ia Formation at the bottom and the Botucatu Formation in the middle. In the western part of the Parana´state, the two upper units of the Sa˜o Bento Group have a maximum thickness of 1750 m (Wildner et al. 2006) . The Pirambo´ia Formation comprises aeolian sandstones with mixed characteristics of a wet aeolian system in the lower part, and of a dry aeolian system towards the upper part (Caetano-Chang and Wu 1994). The sandstones exhibit white, yellow, and red colors, fine-to medium-grained, sub-angular to sub-round polished grains. This unit also contains clay and silt beds, sometimes with clay balls. The most common sedimentary structure is plane-parallel stratification. The upper contact of this unit with the Botucatu Formation is gradational, and the maximum thickness of this unit is 200-220 m. The lack of fossils make the establishment of the age of this unit quite difficult, but an Upper Triassic ⁄ Lower Jurassic age is generally accepted.
The Botucatu Formation comprises texturally mature, round, fine-to medium-grained sandstones, containing quartz (96%), feldspar (2-8%), and mica (2%). Typical sedimentary structures include highangle, medium to large sets of cross-bedding, with localized channel-fill structures. Its depositional environment in this part of the Parana´Basin is interpreted as dominantly dry-climate aeolian sand dunes, intercalated with subsidiary cross-cutting fluvial deposits, and its maximum thickness is 100-120 m (Scherer 2000; Scherer and Lavina 2006) . The deposition of the Botucatu Formation is generally assigned to the interval between Early Jurassic to Early Cretaceous.
The youngest lithostratigraphic unit in the area is the Serra Geral Formation. It comprises different types of volcanic rocks, with a major proportion (90%) of basic rocks, (mainly tholeiitic basalts), subsidiary amounts (7%) of intermediate rocks (tholeiitic andesites), and minor proportions (3%) of acidic rocks (dacites, rhyolites, rhyodacites, and trachites). The total thickness of the lava flows may reach over 1100 m in this region of the Parana´Basin (Wildner et al. 2006) . There is no apparent hiatus between the Botucatu and Serra Geral formations, as lava flows of the latter unit cover an active field of sand dunes of the former. Basaltic lava flows exhibits a characteristic granular to microgranular texture and the presence of volcanoclastic auto-breccias in the transition zone between different flows. Typical mineralogy comprises (in order of decreasing abundance) plagioclase, augite, pigeonite, olivine, and opaque minerals (magnetite, ilmenite). The volcanism that generated the Serra Geral Formation was dated between 139-125 Ma by the Ar 40 ⁄ Ar 39 method (Renne et al. 1992; Turner et al. 1994) . Using the same method, Mantovani et al. (1995) suggested the occurrence of two peaks of volcanic activity, one at 138-135 Ma and the other at 133-128 Ma. The clastic and volcanic rocks of the Sa˜o Bento Group, as most of the rocks of the Parana´Basin, have not been affected by any tectonic deformation event.
THE VISTA ALEGRE STRUCTURE: MORPHOLOGY AND GEOLOGY
The geomorphology of the region surrounding the Vista Alegre structure is characterized by an intense dissection of an elevated plateau formed in the basaltic bedrock by fluvial drainage systems. This dissection is favored by the chemical weathering of these iron-rich rocks under the prevailing sub-tropical conditions. As a result, the relief is characterized by hills with slightly round tops and steeply inclined slopes. The slopes usually exhibit step-like features, formed by differential erosion along the contacts between different lava flows. Four to five distinct flows are recognized within the boundaries of the Vista Alegre structure.
The morphology associated with the Vista Alegre structure differs noticeably from the surrounding region, as shown in Fig. 2 . The structure has a nearly vertical circular border, characterized by steep escarpments which have been preserved from the erosion around approximately 70% of its perimeter. Only the western portion of the border was removed by the action of the Chopim River, which flows partially into the interior of the structure, and then flows back towards its external portion, towards the south-southeast.
The drainage pattern of the interior of the structure is radial ⁄ dendritic, running from the slopes of the border of the structure inwards and then flowing westwards, to meet the Chopim River in the area in which it breaks into the interior of the structure (Fig. 3) . The two channels that drain the interior of the structure are the Surubim stream that runs from NE to SE in the central ⁄ northern part of the structure, and the Quieto stream running from E to W in the southern part.
The interior of the Vista Alegre structure is a topographically depressed area in comparison with the surrounding terrain. It comprises gently rolling hills, with topographic gradients not higher than 50 m, whereas in the area outside the structure the relief is very uneven, with much higher topographic gradients between hill tops and river valleys (typically over 200 m). Figure 4 presents an elevation cross section in the NS direction, from the northern border of the structure passing through its center and reaching the southern border. It shows that the maximum topographic gradient in the escarpments between the border and the lower areas of the interior of the structure is of the order of 180 m. The cross section indicates a central high, which might be related to the central stratigraphic uplift. The presence of a stratigraphic uplift is not obvious, but it is inferred by the occurrence of deformed sandstone blocks near the center of the structure. These sandstones are possibly related to the Triassic Pirambo´ia Formation and ⁄ or to the Cretaceous Botucatu Formation. These units are normally at stratigraphic depths of about 700-800 m below the present surface in this portion of the Parana´Basin. An uplift of that amount is in agreement with considerations from earlier work at other craters (e.g., Melosh 1989 ). However, the precise outline and structure of a central uplift is not yet clear due to the lack of subsurface information such as drilling or seismic data. Figure 5 is a panoramic view of the entire structure taken from the northern border, looking towards south. The escarpments along the border of the Vista Alegre structure exhibit plenty of basaltic outcrops. Most of the central portion of the Vista Alegre structure is covered with soil up to a few meters thick, which is intensely used for growing crops, and rock outcrops are uncommon. The schematic geological map of the Vista Alegre structure shown in Fig. 6 was therefore drawn based on this limited number of outcrops, the contacts being inferred in between points sometimes located several hundred meters apart.
At the inner escarpments of the border of the structure, and in an annular area that occupies just over one third of the distance between the center of the structure and the border, the only lithology to occur is fractured basalt. Although not uncommon in the basalts of the Serra Geral Formation located outside the structure, and also elsewhere in the Parana´Basin, the fracturing process within the Vista Alegre structure seems to have been more intense in this annular zone. However, no shock deformation features were found in basalt samples from this zone so far.
The central portion of the structure contains polymict breccias that usually crop out along the Quieto and Surubim streams within the structure, and also in a small quarry near the village of Vista Alegre, usually between altitudes of 460 and 520 m. This quarry, shown in Fig. 7 , represents the best exposure of the polymict breccias, and it is located at the side of the paved road that links the village to the town of Coronel Vivida, just 200 m from the southeastern entrance of the village. At the walls of this quarry, the breccia unit has a visible thickness of approximately 7-8 m (Fig. 7) . As the breccias extend to the bed of the nearby Surubim stream, a minimum thickness of around 10-12 m is estimated for the breccia unit at this location.
The elliptical area within the structure that contains the breccias occupies an area of approximately 20 km 2 , as shown in Fig. 6 . However, as the exposure of these breccias is not continuous, the actual extent of these breccias is unknown.
A total of 19 locations of the polymict breccias were identified in the interior of the Vista Alegre structure, concentrated along the Surubim stream in the northern portion of the elliptical area in which the breccias occur, and the Quieto stream, in the southern portion of the same area (Fig. 6) . In between the two drainage channels no rock outcrops were found, since it is an elevated area and the top soil coverage is thicker than in the slopes towards the valleys of the two streams. The breccias of Vista Alegre depict a typical steelgray color when fresh; when exposed to the air, this color changes to a medium-dark gray (Fig. 8a) . The matrix of the breccias is composed of a very fine (pelitic size) gray mass of fragments, showing a powdery texture (Fig. 8b) . These fragments seem to have derived mostly from the basalts of the Serra Geral Formation (Fig. 8c ), but they may also include sedimentary clastic and pelitic rocks. The fragments vary in size from a few millimeters to several decimeters. Their shape is generally angular and the composition varies from volcanic (basalt) to sedimentary (sandstone, siltstone) rocks.
The vast majority of the fragments of the breccia are of igneous rocks, with a subsidiary amount of sedimentary fragments. Some of the fragments have dark color and ballistic shapes (Fig. 9) , suggesting the possibility of melted material which solidified in the air and was subsequently deposited as part of the breccias.
Some of the clasts within the polymict breccias show the development of striated, conic surfaces. When broken, they exhibit positive ⁄ negative striated features typical of shatter cones (Fig. 10) . They are believed to be isolated fragments of shatter cones that were deposited together with other fragmented rocks in the polymict breccias. According to French (1998) fragments of shatter cones are only very rarely found in isolated rock fragments in impact breccias. Several such fragments were found in the breccias of the Vista Alegre quarry during the initial investigations by Cro´sta et al. (2004) , and also in some of the samples collected by us in July 2009 at the same location.
The other rock type found in the interior of the structure is a cataclastic, recrystallized white quartzose (Figs. 11a and 11b) . As the Serra Geral Formation does not contain any similar sandstone, they might have originated from the lower stratigraphic units, the Pirambo´ia and ⁄ or Botucatu Formations. Both units contain white colored sandstones that, if subject to appropriate temperature and pressure conditions, could be transformed into the quartzites now found in the central part of the Vista Alegre structure. Elsewhere outside the structure, these two stratigraphic units are placed several hundred meters below the present surface, underneath the volcanic rocks of the Serra Geral Formation. However, the fact that the few quartzitic blocks found in Vista Alegre do not appear to be in situ, and that a comparative analysis with regular Pirambo´ia and Boticatu sandstones from areas outside the structure is made difficult by deformation and recrystallization of the rocks found at Vista Alegre, leaves the issue of the stratigraphic provenance opened to further investigation.
EVIDENCE FOR SHOCK METAMORPHISM IN VISTA ALEGRE
Fragments of tiny individual shatter cones in the polymict breccias (Fig. 10) were found at three locations within the Vista Alegre structure during the initial investigations by Cro´sta et al. (2004) . However, several extensive shatter cone occurrences, comprising complete specimens, have recently been found in the Vista Alegre quarry during field work carried out in July 2009 (Cro´sta et al. 2009b ). The shatter cones found in 2009 in Vista Alegre occur in the form of clasts of a fine-grained volcanic rock embedded in the polymict breccias (Fig. 12a) . The nested shatter cones range in size from about 0.5 to 20 cm for individual cones, and up to half a meter for complete assemblages (Figs. 12b, 12c, and 12d) . In some cases, almost complete and perfect cones were found. Shatter cones are a mesoscopic fracture phenomenon that is widely considered a diagnostic indicator of impact structures. Many impact structures have first been noted because of observations of shatter cones. The well-preserved nature of the features recovered from Vista Alegre, and the excellent striations, leave no doubt that these are proper shatter cones. The mode of occurrence of these shatter cones is quite different from most other shatter cone occurrences in impact craters (see, e.g., Fackelman et al. 2008 , and references therein), where such features usually occur below any polymict impact breccias (or melt rocks), representing zones of lower shock pressures. Shatter cones have generally been described from rocks of central uplifts of complex impact structures, but isolated fragments have been observed in impact breccia units as well (e.g., in inclusions in Sudbury breccia, or at the Ries-B. O. Dressler, pers. comm., 2009) . In Vista Alegre, the shatter cones are found in the same breccia unit that also contains microscopic shock features (see below).
In hand specimen, the shatter cones appeared to have formed in fine-grained sedimentary rock, but thin section studies showed that they actually comprise finegrained volcanic rock. Three shatter cones from separate locations, all recovered as clasts from within the polymict breccia, were analyzed for their geochemical composition at the University of Vienna by X-ray fluorescence spectrometry. The results are reported in Table 1 . To characterize these rocks, geochemical classification diagrams were used, where the data for the three shatter cones is compared with those of average and representative analyses of the two main magma types found in the southern part of the Parana´Basin, namely the Gramado and the Esmeralda types (e.g., Peate et al. 1992; Peate 1997) . The classification diagrams (Fig. 13a-f) show that the shatter cones are of basaltic to basalt-andesite composition and belong to the high-Fe tholeiite, withinplate basalts. In terms of association with either the Gramado or the Esmeralda type, the shatter cone compositions are similar to both, but somewhat intermediate between these two. This is most clearly expressed in the Ti ⁄ Y versus Ti ⁄ Zr diagram of Peate et al. (1992) and Turner et al. (1999) , but in summary there appears to be a closer similarity to the Esmeraldatype basalts as defined by Peate et al. (1992) . This is also supported by comparing MORB-normalized abundances of these rocks types (not plotted here).
A variety of breccia samples were collected by us in July 2009 from the quarry near the village of Vista Alegre. Some preliminary petrographic studies indicate that it is an impact breccia with a very fine-grained, brownish, clastic matrix. There are small minerals clasts, mostly angular, with sizes mostly less than 0.5 mm. The clasts comprise plagioclase, quartz, and probably pyroxene. The rock clasts are mostly derived from volcanic rocks, probably diabase. There are also a few carbonate clasts. There are some sandstone clasts containing quartz grains with abundant shockcharacteristic planar deformation features (PDF), most of them with one or two sets (Fig. 14) . Detailed petrographic and shock petrographic studies, as well as geochemical analyses of the breccia and the various clasts, are the subject of a forthcoming separate publication. Fig. 13 . a-f) Geochemical classification diagrams (after Janousˇek et al. 2006; and Turner et al. 1999) for the three shatter cone samples from Vista Alegre, compared with the average compositions of the two main magma types identified in the southern Parana´Basin by Peate et al. (1992) . The plots clearly show that the shatter cones are identical in composition to the local low-Ti tholeiitic within-plate basalts, and most closely resemble the Esmeralda type of Peate et al. (1992) . The zones shown in the tectonic discrimination diagram (d) are AI-within-plate basalts, AII-within-plate alkali basalts and within-plate tholeiites, B-E-type MORB; C-within-plate tholeiites and volcanic-arc basalts, and D-N-type MORB and volcanic-arc basalts.
References and sources of all diagrams are described in Janousˇek et al. (2006) .
CONCLUSIONS
The Vista Alegre structure has an apparent diameter of 9.5 km and is located in the Parana´state of southern Brazil, within the Parana´Basin, which contains one of the largest and most extensive flood basalt provinces on Earth, dated at about 133-132 Ma. Tholeiitic basalts dominate the western portion of Parana´state, with some minor rhyodacites. Vista Alegre is an eroded structure with circular outline in the form of an incomplete ring of escarpments, and an inner depression; a central uplift is not obvious, but it is indicated by the occurrence of deformed sandstone blocks near the center of the structure, which may be related to the Triassic Pirambo´ia Formation and ⁄ or to the Jurassic ⁄ Cretaceous Botucatu Formation. These units are normally at stratigraphic depths of about 700-800 m below the present surface in this portion of the Parana´Basin. Within the crater there are limited outcrops of polymict breccias. Clasts within these breccias were found to contain abundant shatter cones, ranging in size from about 0.5 to 20 cm for individual cones, and up to half a meter for complete assemblages. The shatter cones formed in fine-grained low-Ti Parana flood basalt and might be the first examples of shatter cones in such a rock type. In addition, PDFs were found in quartz grains within sedimentary rock clasts of the polymict breccia. These findings confirm the impact origin of the Vista Alegre structure. 
